The effect of ozonated water on plant growth was examined. Ozonated water, produced by an atmospheric barrier discharge, was supplied intermittently twice a day, except on rainy and cloudy days, to the underground roots of komatsuna (Brassica rapa var. perviridis) by changing the feeding time interval. Being apart from the feeding position, the weights of komatsuna increased by 2.4 times in the case of 5-sec feeding and 2.9 times in the cases of 78-sec feeding, compared to those of control. Intermittent supply of a suitable amount of ozonated water to the underground roots was found to activate plant growth.
I. INTRODUCTION
Ozone is the most damaging air pollutant to plants. Ground level ozone causes more damage to plants than all other air pollutants combined. Ozone enters leaves through stomata during normal gas exchange. As a strong oxidant, ozone causes several types of symptoms, including chlorosis and necrosis. [1] [2] [3] On the other hand, several studies have reported the effects of elevated CO 2 and ozone on photosynthesis and growth. For example, soybeans grown at different combinations of CO 2 and ozone showed that the negative effects of ozone on carbon assimilation were ameliorated and rates of photosynthesis were enhanced. 4, 5 It was also clarified that CO 2 enrichment enhanced seed yield by 20% at ambient ozone, while it increased seed yield by 74% at twice the ambient ozone concentration. 6 Thus, the negative effects of elevated ozone concentration on photosynthetic rate and seed production were ameliorated by elevated CO 2 . It is clear from these studies that the negative effects of ozone pollution on plant photosynthesis, growth, and yield were suppressed in the presence of elevated CO 2 . [7] [8] [9] Plants grown in elevated atmospheric ozone are known to undergo several biochemical changes before any damage can be detected. These reactions include increases in the activities of enzymes associated with general plant defense mechanisms. 10, 11 Ozone exposure often causes a surge in the production of the plant hormone ethylene, as well as changes in polyamine metabolism and increased activities of several enzymes in the phenylpropanoid and flavonoid pathways. The activities of superoxide dismutase and peroxidases that protect cells from the oxidative damage caused by hydroxyl radicals, H 2 O 2 , and superoxides also increase. [12] [13] [14] Acute ozone exposure induces massive changes in gene expression, enzyme activities, and metabolic profiles even when no tissue damage is detected. [15] [16] [17] [18] The changes in protein activities (and gene expression) can occur very fast, within minutes after the onset of exposure. A common element in ozone and pathogen responses is active production of reactive oxygen species (ROS) in the apoplast. The signaling pathways activated by ozone are integrated into a complex regulatory system involving ROS, plant stress hormones, and second messengers such as calcium.
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The object of our experiments is to clarify the effect of ozone on plant growth. As described earlier, ozone causes several biochemical changes before any damage can be detected. These phenomena are closely related to plant defense mechanisms, increasing the surge production of the plant hormone ethylene and so on. In this way, plant responses to the ozone exposure occur on at least two timescales. One is a rapid defensive response in which plant hormones are secreted. Plants are internally activated by this response. The other is the relatively slow response to the oxidative damage caused by hydroxyl radicals, H 2 O 2 , and superoxides oxidization, causing several types of symptoms including chlorosis and necrosis.
Here, it is considered that the latter response can be prevented by shortening the exposure time to the ambient ozone, controlled by switching off the ozone generator intermittently in the experiment. If the latter response is prevented, then it is expected that the activated plant will produce a surge of the plant hormone ethylene, which will enhance its growth.
II. EXPERIMENTAL APPARATUS AND METHOD
The object of this study is to investigate the effect of ozone on the activation of plants by triggering the initial defense system described earlier, which results in abrupt growth. For plant growth, an absorption of nutrients from the roots is quite important, as is a photosynthetic reaction in the leaves. For this reason, we focus on the activation of the underground roots of plants by feeding ozonated water under the surface. It is also noted that the concentration of ozone in water decays over time with a half decay time of about 30 min.
Our model plant system is komatsuna (Brassica rapa var. perviridis), Japanese mustard spinach, which is a leaf vegetable that may be eaten at any stage of its growth. Cultivation experiments were performed in a greenhouse of Tsubonuma Farm belonging to Miyagi University. Our plant cultivation system is shown in Fig. 1(a) . Ozonated water was generated by introducing ambient air into an oxygen concentrator (FE-5, Inpal Co. Ltd.), employing a pressure swing adsorption (PSA) method and oxygen flow rate of 5 L/min. The volume concentration of oxygen was more than 90%. Then, oxygen gas was introduced into an ozonated water generator (Ozonated Water Generator, Inpal Co. Ltd.), in which ozone was produced efficiently by an atmospheric corona discharge in a narrow annular gap between outer grounded cylindrical pipe and inner coaxial rotating electrode with rotation speed of 1,380 turns/min. 19 In the corona discharge, the production of nitrogen oxides (NOX) was also reduced. Finally, ozone was mixed with flowing tap water by using a bubbling water jet method. The concentration of ozone diluted in the tap water was controlled by the discharge power and water flow rate. The flow rate of ozonated water was dependent on the input water pressure and the downstream pipe conductance. In our case, ozonated water of 1 ppm with a flow rate of 0.6 L/min was produced and employed throughout the experiment.
Here, we prepare eight plastic plant cultivation (planter) boxes that were 47.7 cm long, 32.6 cm wide, and 7.6 cm high, with several drain holes at the bottom. The ozonated water was distributed over time to those eight planter boxes by switching the magnetic valves on and off with an electric timer, Autorain Time Switch (FV811, SUNAO Electric Co. Ltd.), with eight channels. The timing sequence of the valve switching is shown in Fig. 1(b) . Here, one of the planter boxes was used for the control, to which tap water with the same flow rate as ozonated water was supplied by feeding the same electric switching signal as channel 3. The main switch of the timer was turned on and off automatically twice a day within 10 minutes between 9:00 am and 11:00 am every day except on rainy and cloudy days (34 days supplied), during cultivation from seeding to harvesting. Further, we prepared the ninth planter box (not shown in Fig.1 ), which was controlled by the same electric switching signal as channel 7, working every other day except rainy and cloudy days (18 days supplied).
The layout in the planter box is shown in Fig. 2 . Cultivation soil (Sukoyaka, Yamagata Celltop, Co. Ltd.) was packed in the box with a depth of 5 cm. The box is divided into two areas by a plastic partition plastic, inserted vertically 3 cm into the soil. One side is the cultivation area, and the other is the ozonated water feeding area. The end of a flexible water tube (outer diameter of 15 mm), connected to the outlet of the magnetic valve, is inserted into an inlet of PET bottle (volume 2 L) placed horizontally in ozonated water feeding area. Since the PET bottle was buried in the soil 2 cm below the surface, the water can leak into the soil directly through five holes, each 1 cm in diameter, opened in the vertical lower side of the PET bottle, and finally penetrate the cultivation area through a narrow channel below the partition panel placed between two areas. One hundred komatsuna seeds (cultivar 'Maruha,' Watanabe Seed Co. Ltd.) were sowed along the x direction defined in Fig. 2 , with five rows in the y direction, perpendicular to the x direction. After performing appropriate thinning, 25 samples of komatsuna (5 samples in the x direction × 5 samples in the y direction) were harvested 49 days after sowing. To adjust the total amount of water added to the planters, tap water was sprinkled at 4:00 pm.
FIG. 2:
Layout of planter box. The variable x is the position in the cultivation area. Ozonated water is supplied from underground through a narrow channel beneath a partition plate inserted into the soil
III. EXPERIMENTAL RESULTS AND DISCUSSION
Through the whole cultivation experiments, timer durations were fixed at 5 sec, 10 sec, 15 sec, 30 sec, 60 sec, 78 sec, and 90 sec for channels 1, 2, 3, 4, 5, 6, and 7, respectively. Channel 8 was disconnected. Time duration of the control for supplying tap water was controlled by channel 3, as shown schematically in Fig. 1(b) . Taking account of the flow rate of 1 ppm ozonated water of 0.6 L/min, the amounts of ozonated water supplied at x = 0 in the cases of 5 sec, 10 sec, 15 sec, 30 sec, 60 sec, 78 sec, and 90 sec are 50 mL, 100 mL, 150 mL, 300 mL, 600 mL, 780 mL, and 900 mL, respectively.
Typical komatsuma samples in eight cases, harvested at x = 3 cm, 6 cm, 9 cm, 12 cm, and 15 cm, are summarized in Fig. 3 . Change of the size of control in the x direction was relatively small, but there appeared to be a mutual shading effect from the daylight, because the sizes at the both ends, x = 3 cm and 15 cm, are a little bit larger than those in the middle at x = 6 cm, 9 cm, and 12 cm, as shown in Fig. 3(a) . But, this effect was weakened in the other cases. Here, size distributions in the x direction in the cases of 60 sec, 78 sec, and 90 sec were quite remarkable. The sizes at x = 3 cm are much smaller than those at x = 15 cm, and even smaller than that of control at x = 3 cm. This might be due to a negative effect of ozone on the growth mechanism. Plant growth was considerably suppressed. Conversely, the sizes at 15 cm in the cases of 60 sec, 78 sec, and 90 sec are much larger than that of the control at x = 15 cm. This might be due to a positive Here, it should be noted that the positive effect of ozone comes from an initial quick response of the plant defense system resulting in secretion of plant hormone. Plants are internally activated by this response. On the other hand, a negative effect of ozone comes from a relatively slow response to the oxidative damage caused by hydroxyl radicals, H 2 O 2 , and superoxide oxidization. Our cultivation system employed intermittent irradiation of ozonated water. If the irradiation time is short, it is considered that the plant can avoid the slow negative effect and can maintain the initial positive effect during its growth.
In order to clarify these differences, sizes of komatsuna plants in the treatment groups of 5 sec and 78 sec at x = 15 cm are compared with that in the control at x = 15 cm, as shown in Figs. 4(a) and (b), respectively. As can be seen clearly, not only the sizes but also the number of leaves, number of stems, and width and length of leaves in the cases of 5 sec and 78 sec are much increased compared to those of control. surpassed the level of control. In all the other cases the weight was lower and below that of the control. This meant that near the ozonated water supply point (x = 0), the negative effect of ozone was dominated, except for the case of 5 sec. In other words, the amount of ozone delivered tot the 5-sec treatment group was optimal for triggering and maintaining the positive activity before suffering the negative oxidization effect of ozone. As a result, plant growth was promoted even at x = 3 cm. On the other hand, it was quite remarkable that the weight of komatsuna at x = 15 cm was much larger than that of the control at x = 15 cm. Because the amount of ozonated water arriving at x = 15 cm was reduced spatially and temporally by an absorption into the soil during its penetration, the negative effect of ozone was so weakened that the positive effect arising from the activities might result in the growth of the plants.
Variations of the averaged weight in all cases at different x positions are shown in Fig. 6 , including the data in the case of 90-sec feeding twice a day every other day. As indicated by arrows in Fig. 6 , there are two dominant peaks, especially for the samples at x = 15 cm. One is a peak A in the case of 5-10 sec, and the other is peak B in the case of 78 sec, as shown by arrows. Averaged weight in the case of 5 sec was 58.8 g, which was 2.4 times the weight of the control, (25.0 g). On the other hand, averaged weight of the plants in the 78-sec treatment group was 71.8 g, which was 2.9 times that of the control group. Because the amount of ozone supplied in the former peak, 50-100 mL, was relatively small, it is possible that the damage suffered by irradiation of ozonated water could be repaired by the defense mechanism activating a positive effect to promote the plant growth. But, in the latter case, the amount of ozonated water supplied, 780 mL, seemed to be too much. Therefore, komatsuna would suffer too much damage. In fact, the growth of the plants at 3 cm was seriously suppressed by this negative effect. In spite of this fact, komatsuna grew 2.9 times as much as the control at x = 15 cm. Therefore, it is considered that the growth mechanism in the case of 78 sec at x = 15 cm is different from that in the case of 5-10 sec at x = 15 cm. Growth was observed not only in the weight but also the leaf width and length. Fig. 7 shows variations of averaged leaf width and length at x = 15 cm. We can also find two peaks A and B in the cases of 5-10 sec and 78 sec, respectively.
In our experiment ozonated water was supplied intermittently in a very short time period twice a day every day except rainy and cloudy days, although the ozone concentration in water was rather strong at 1 ppm. Such intermittent irradiation of ozone to plants will be very important for a promotion of plant growth. Fig. 8 shows schematically an effect of intermittent ozone irradiation to plants G and D. As shown in Fig. 8(a) , damage resulting from irradiation on time τ can be healed in the intermittent off-interval T for plant G, but plant D cannot recover from the damage within time T. Therefore, the ratio of irradiation time to feeding period, τ/T, is an important factor as well as irradiation time τ.
Furthermore, the total amount of ozone irradiation is also an important factor. From this experiment, there seem to exist two levels of defense mechanisms, as described previously, triggered at lower and higher thresholds. These correspond to the cases of 5-10 sec (A) and 78 sec (B), respectively, as shown in Figs. 6 and 7. Recovery from the damage depends on the activity of the plant. Owing to the plant defense mechanism, activity of plant G will be enhanced with an increase in ozone irradiation, as shown in Fig. 8(b) . However, plant G cannot recover from the damage any more above the threshold and will die in the same way as plant D with a lower threshold. Therefore, there is an optimum amount of ozone irradiation that leads to recovery followed by growth promotion. In other words, an ideal intermittent irradiation of ozone promotes plant growth, as in the cases of 5-10 sec and 78 sec. This phenomenon will be useful in the agriculture industry in future.
IV. CONCLUSION
The effect of ozone on the plant growth was examined by using ozonated water produced by an atmospheric barrier discharge. Ozonated water was supplied intermittently to the underground roots of komatsuna (Brassica rapa var. perviridis) by changing the feeding time twice a day every day for 49 days, except on rainy and cloudy days. There appeared to be a negative effect of ozone, which suppressed the plant growth near the feeding position (x = 0) of ozonated water. On the other hand, at 15 cm away from the feeding position, there were two peaks on the plant growth. Relative to the control group, the weight of komatsuna was increased by 2.4 times in the 5-sec treatment group and by 2.9 times in the 78-sec treatment group. The results revealed that an optimal amount of ozone supplied intermittently that will activate the plant growth.
